ABSTRACT
INTRODUCTION
Most solder wettability such as the wetting balance, area-of-spread, meniscus rise, rotary dip, and globule tests, do not accurately represent solder flow or spreading during typical electronic assembly soldering operations. These "standard" tests poorly simulate the actual capillary flow physics of plated-through-hole (PTH) and surface mount technology (SMT) soldering. Such mixed technology processes usually involve solder flow along metallized surfaces into a small diameter annulus or the gap between a surface mount device and a printed wiring board.
Production yield statistics and failure rate data, when available, have demonsrrated the need for a solderability test that does a better job in predicting assembly level solderability. Just as critical is the need for a test that yields reproducible results.
The Center for Solder Science and Technology at Sandia National Laboratories has developed a capillary flow solderability test5-' that incorporates the fundamental wetting behavior observed during surface mount soldering. The work is a joint venture between the federal government and several national electronics manufacturers to develop enabling technologies for the U.S. PWB industry. The work is being funded by the Departments of Commerce and Energy and managed by the National Center for Manufacturing Sciences. The test offers a potential soldering index for evaluating the effect of different surface finishes and geometries on solder flow. The technique can also be * This work wa. performed at Sandia National Laboratories, which is supported by the U.S. Department of Energy under contract number DE-AC04-94AL85000.
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used to control the delivery of solder to specific circuit locations.
Common to the test geometry is a metal strip extending from a circular pad (Fig. 1) . Consider a circular metallization pattern having radius, r,, and let a small volume of solder wet and spread to a radius r, such that r c r, and the capillary equilibrium occurs at a contact angle, 8,. Let the solder volume increase to a value V,, just large enough for solder to spread to the metallization radius. Any further increase of volume will increase the contact angle to a value 8 , > €lo, but will not increase the radius, since the wettable metallization extends only as far as rc. In this constrained configuration, there exists an excess pressure that would drive solder flow, should more metallization be made available. Now consider additional metallization of a very slender rectangular strip of width 6 < r, connected to the circular pad as illustrated in Fig. 1 . The excess pressure would move solder onto the strip for certain values of the ratio 6 to r,. Solder would flow a distance, z, reducing the pressure over the circular metallization until it equals that above the strip. To simplify modeling these flow conditions, it was assumed that the configuration geometry was small enough to neglect the effect of gravity on solder shape. Thus, the solder on the circular metallization is a spherical cap whiie the solder on the strip has a circular cross section. The height of solder on the strip is given by: where 6, is taken to be the equilibrium contact angle on the strip. The mean curvature of the solder surface on the strip is: implies that flow will not occur onto a strip having a very small 6/r, ratio.
MASTER

MATERIALS AND TEST PROCEDURE
The capillary flow test vehicle (CFTV) used in this study was fabricated using conventional PWB materials and fabrication technologies. The CFTV substrate was an epoxy Test substrates were degreased in trichloroethylene, followed by an isopropyl alcohol rinse. They were then lightly etched in a 10 vol. 9 0 HC1 and deionized water solution for 3 minutes to remove a vendor-applied, benzotriazole-based organic solderability preservative, rinsed in hot tap water, rinsed in deionized water, rinsed in isopropyl alcohol, and finally blown dry with filtered technical grade nitrogen gas. Since most commercial precleaners are based on proprietary chemistries that are routinely modified, the generic cleaning procedure described above provides a more consistent method for preparing uniform baseline surfaces for testing.
Test boards were coated with flux after cleaning by gently agitating them in flux for 5 to 10 seconds. After slow withdrawal from the flux, the substrates were held vertically for approximately 15 seconds and blotted along their bottom edges to remove excess flux. Wetting tests were conducted with solder pellets of bown weight and volume. Solder was placed on each circular metallized pad and then melted under simulated reflow conditions. In the event of no preheat, testing was performed after a 10-30 minute hold to permit volatilization of the alcohol or water carrier of the flux. This delay helped to improve solder flow by reducing flux splatter and evaporative cooling of the Carrie$-6.
Capillary flow tests were conducted by either floating samples on a standard thermostatically controlled solder pot or transporting coupons through an inerted, conductively heated reflow machine. The solder pot was sufficiently large to float a test coupon without touching the sides of the pot. Samples were typically floated for 90-120 seconds to achieve complete solder melting and flow. Pot temperatures were maintained within f 2°C. Simulated reflow soldering was conducted with a tabletop reflow system. The unit has four heat zones that were set at 40, 120, 226, and 74°C. The transport bar speed was 9 inches/minute for solder weighing less than 11 mg and 5 inchedminute for anything above 11 mg. Additional time was required to melt the larger solder preforms. = 0). The data were taken sequentially every second after b. The wetted distance was measured from the pad and strip intersection to the farthest distance where solder flowed. Initial testing was performed with the solder float heating procedure. The solder float tests clearly demonstrated the importance of preheating. Without a preheat, significant variability in wetting was observed and was dependent on the time elapsed after flux application (Fig. 4) . This time dependency was lessened by introducing a preheat stage. Subsequent validation experiments, therefore, were conducted with a reflow profile that simutated typical assembly conditions. There is another type of contact angle flexibility in soldedmetallization systems which could influence capillary flow. A surface tension balance at the edge of the metallization pad could be maintained when the contact angle, relative to the test plane, is 8, I 8 < 8, + 90".
RESULTS AND DISCUSSION
Modeling results7 show that the droplet contact angle on the circular metallization pad is much greater than 8, + A 6 (-200) . even in a non-flowing bubble. In addition, the comer where the circular pad meets the strip is the area of greatest contact angle (-105O). Therefore, it appears that the impediment to flow occurs at the entrance comer from the pad to the strip, and the contact angle flexibility that is important to flow is the flexibility at the edge of the metallization pad. The quantitative agreement between the surface simulations and the flow analysis, based on contact angle hysteresis, may be a coincidence and requires further examination.
The final part of this investigation involved validating the flow model by comparing the experimental and computed (eq. 5) solder contact angles on the different strips. Both values were dependent on the developed 6/rc and contact angle relationship. The validation experiments were performed in the inerted reflow machine with the three solder preform weights listed above. Maximum wetted lengths and solder-pad contact angles were directly measured from the tested coupons. A goniometer was used to make the angle measurements. The instrument images the solder-pad free surface through an eyepiece. After setting a baseline reference while viewing the sample, the contact angle is determined by rotating the measuring dial on the eyepiece to cornpond to the angle made between the reference line and the tangent at the solder-pad contact point. Since the pad geometry is symmetrical, the measurement was not dependent on pad orientation.
Strip angles were determined by cross-sectioning through the solder wetted strips. The solder-strip free surfaces were photographed at 100 times magnification for the 30 and 40 mil wide strips and 200 times magnification for the 20 mil wide strips. Contact angles were then directly measured from the photographed images. The results from the validation experiments are summarized in Table 1 . As predicted by the flow model, p o r wetting occurred on the 10 mil strips with negligible flow onto the strip. solder weight (mg)
capillary flow models described above. As one would expect, it plays a critical role in test repeatability. Table  2 ). The 10 mil strips had the greatest variability. Considering the potential effect of hysteresis on flow, the results were well within experimental error. Agreement was especially good for the 30 and 40 mil lines. The experimental results for the measured solder-pad contact angles, €lC, are summarized in Fig. 8 . As solder flowed out onto the attached strips, the angle on the pad decreased. The 10 and 20 mil strips not only exhibited the w r e s t wetting results, but they also yielded the largest range of pad contact angles for the tested solder weights. This 50-600 range represents the hysteresis growth of solder on the pad and is driven by the inability of the solder to flow onto the narrow strips. The same phenomenon was not observed on the wider 30 and 40 mil strips, since the restriction to solder flow was diminished. The rate at which the angle changes is dependent on both the strip width and solder weight (Le., solder volume). Under equilibrium conditions, a wider strip lowers the capillary pressure over the strip (eq. 3) and results in a lower pad pressure. Since the pad radius is fixed, the solder contact angle on the pad must also decrease (eq. 4). By increasing the solder volume and restriction to flow, the range of angles, AeC, is increased. This expanding range represents the hysteresis band depicted in the fundamental In summary, this investigation has developed and validated a capillary flow model that represents solder flow from a metallized pad onto an attached strip. The test geometry is common to most surface mount circuits. The model presents a fundarnentd understanding of capillary flow on a PWB. As advanced circuit designs become increasingly smaller and complex, the ability to accurately predict enhanced or restricted solder flow by modifying surface geometry will lead to more producible and reliable solder joints and enable the next generation of PWB interconnection technologies. CONCLUSIONS A capillary flow model was developed to predict solder flow onto a metallized strip. Conditions for the initiation of flow were determined. Flow was dependent on the geometric relationship between rhe strip width, 6, and the attached pad radius, rc. A arc value of at least 0.5 was necessary for flow to occur. The relationship between the solder contact angle on the strip, gs, and pad, QC, wa3 verified by comparing the measured and computed angles. Greater variability in the flow data was observed on the small strips, where the opportunity for hysteresis was greatest.
